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SECT I ON 1

INTROD U CT I ON

This paper is basically an elaboration and an extension

of some of our earlier wor,k tha t has already been published [1];

however , there is an important difference between that work

and this. Aside from the extension , the difference is that at

this t Lme we are fortunate to have high quality laboratory

data available [21 for comparison with our calculations . We

intend to take advantage of the degree of agreement of our

ca lcula t ions  wi th these ~~~~ to establish corI fidI nce in the
credibility of our calculations for situations where no

laboratory data are available.

Our claim is that an underlyi ng assumption often used to

j u s t i f y  the gross model ing of the phys ica l  fea tur es of meta l l ic

enclosures is in error. In order to clarify the relevance of

the c la im , the term “metallic enclosures ” is meant  to in clude
structures such as aircraft , missiles , ships , and tanks. The

specific assumption chall enged is that if the wavelength of

an incident monochromatic plane wave is long compared to the

dimensions of a metallic structure , then the  d e t a i l e d  fe at u r e s

of the structure are not important for the subsequent modeling

of the structure for EMP-related experiments or calculations.

It is conjectured that the historical basis for this assump-

tion is its validity for far zone calculations or measurements.

The argument relating this frequency domain assumption to time

domain EMP considerations is that the wavelengths in most of

a representative EMP spectrum are long compared to many physical

features of interest and we are not taking issue with this

observation.

Our evidence to support our claim is based on external

coupling analyses and measurements, and in presenting the

1



evidence we will focus our attu~rition on the determination of

surface current densities. The reason for focusirq on

densities is that it is these quantities that are a necessary

part of the external coupling information required by commonly

employed deliberate antenna and aperture analyses for the

subsequent calculation of voltages and currents driving

mission-critical subsystems contained within the enclosure

.2



SECT ION 2

OUTLINE OF EVIDENCE AND ARGUMENTS

We intend to establish confidence that our finite circular

cylinder MFIE code can give reliable information where no

measurements are readily available to us. In order to do this,

we

• compare our current density calculations with those

measured in a laboratory experiment

• argue that our code should perform at least as well

at lower frequencies corresponding to the bulk of the

energy for a typ ical spectrum of an EMP .

We will then present current density results obtained by

running our finite circular cylinder code for a range of low

frequencies and show that an appropriate magnetostatic current

density solution describes the d ominant behavior of the current

density for an extended range of frequencies. Next we will

explain how this magnetostatic effect invalidates commonly

employed external coupling approaches that assume a uniform

circumferential distribution for the cu rrent den sity in order

to determine this density simply by dividing a calculated bulk

current by the circumfe rence. In regard to this common

assumption we will

• show that the density calculation becomes increasingly

more inaccurat e as the commonly stated validity condi-

tions are increasingly better satisfied

• explain how the physical interpretation of a nonphysical

situ ation is a likely candidate for the cause of the

invalid assumption

• describe the impact on aircraft stick models and

certain missile models.

3



The remaining material that will be presented is new in

that it is what we referred to as the extension of Reference 1.

We will present low frequency calculations using the t4FIE

approach for the current density induced on a finite cylinder

having an elliptic cross-section . We then compare these

finite elliptic cylinder results with an appropriate magneto—

static solution and again demonstrate that the dominant

behavi.or is described by the magnetostatic solution for an

extended range of frequencies. Using the magnetostatic solu-

tion, we obtain an analytic expression for the error that

persists at low frequencies which is made by modeling the

cross—section of an elliptic cylinder as a circle. The fact

that there is any long wavelength error at all demonstrates

that long wavelength arguments do not provide justification

for gross modeling .

Finally, we present results based on symmetry arguments

to qualitatively demonstrate the distribution of current

density on a complex model of an aircraft at low frequencies .

These results are equivalent to a magnetostatic solution, and

consequently they differ from what would be obtained by a

modeling that is insensitive to magnetostatic considerations.

q
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4 S1~C 1 ION 3

COMPAR 1 SON W I ~1}1 EX I’ F El Ni: NTAL DATA

The m a t e r i a l  p r e s e n ted  in ~hu f i r st  f i v e  t i g u r e s  in th is
paper c ont a in s  ui~~ i u r i a l  L h i L  was pi ~~~~:i~~~ l 11)  wI . i~~~~~~ n~~ r Fort s
[2 , 3} . The curves  in Fi g u r e  2 arid t h e  top  v ) x  t ions  of Fi gures
3 , 4 , and 5 are  cu rves  t h a t  w r i  e traeed I 1a : . or OX CO~~1eS of
curves, presented in those r e p o r t s .  Th~ J e n c r i p L i o n  of the
exper iment  p e r t a i n i n g  to the d a t a  ~‘re sent ~ed in  these  f i gures
is also redrawn based on a f ig u r e  p r e sen t ed  in R e f e r en c e  2 .

The i n t e n t  of t h i s  e x p e r i m e n t  i s  to s in iu l a t e  a m o n o c h r o m a ti c

p l ane  wave i n c i d e n t  on a tube  having a L~~La1 len; th of 2 h .  By

r e f e r r i n g  to F i g u r e  1, we can see t h a t  t h e  a n g le  U is d e f i n e d  so

tha t  00 cor responds  to the dee~ shad ow r ee l on  and  1800 co r responds

to d i r e c t  i l l u m i n a t i o n .  The  U ~ F i g u r e s  3 , 4 , and  5 cor responds

to t h i s  d e f i n i t i o n  and z is the  a x i a l  d i s t a n c e  r an g i ng f r o m

0 at the  ground p lane  to h a t  the top of t ; 1 c c yl i n d e r .  The
qu a n t i t i e s  J K 7~ , , and u io t t ed  in these f i g u r e s  a re  the

m a g n i t u d e  of the  a x i a l  componen t  of the current d e n s i t y ,

magnitude of the transverse component of the  current density ,

and the phase of the a x i a l  compon en t  of the  c u r r e n t  d e n s i t y .

The same q u a n t i t i e s  c a l c u l a te d  hv our  N P I E  computer  code for

the  c u r r e n t  dens i t y  induced Pc rh o  name  source on a f l a t ly
capped c y l i n d e r  h a v i n g  the  same l e n g t h  and  d i a n ~c ter  as the

tube  of the e x p e r i m e n t  a re  p r er en t e d  in t he  bot tom h a l f  of

F igures  3 , 4 , and 5. The scales of our calculations were

a d j u s t e d  to the  scales of the  o x p er i r ~cn t a 1  d a t a  by u s i n g

th ree  n u m b e r s ,  a m u l l  i pi  i ca ti v e  f a c i o r  t n t  each set of the

m a g n i t u d e  compar i sons  and an a d d if i v e  factor b r  the sot of

phase comparisons. These three numbers were determined by

fo rc ing  one po in t  of the  e x p e r i m e n ta l  d a t a  Ln m a t c h  one p o i n t

of our c a l c u l a t e d  da ta  on o n l y  one cu r v e  of e tch of the  t h r e e

sets of curves. The reason we include Fiqure 2 in this 
paper5



t

—

~~~~~~~~~~~ CORNER
REFLECTOR

MONOPOLE

SCATTER ING /
CYLINDEI~ 

/ Ill/ vu

d” )1Y
I I ‘ II / I

Ii / TO OSCILLATORI
GROOVL FOR II
PROBE SLIDER

GROUND PLANE //
/

w

Figure 1. Schematic uiagram of Scatt ring Cylinder on Ground Plane

6



kz (RADIANS)
o Q.5i r  u.5 r 2.O r 2.5 7 3.0 - 3.5ir

1) ldeq)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

80 0 ~
0

~~~0
0 0 0  0 X S

0
0 

0
0 X 0 %

0

N 
8x 0 X ~~

x 0
x x

0~~ 0 X X~~~~~0 0o X 0 0
0 0

9
1 —  0 0

x 0o 0
x 0

x - 180x

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-180
N

0 FLAT END CAP ~ (h = 84 cm)

X HEMISPHERICAL CAP (AXIAL h =
1
856 cm) 

I 

-360

o 10 20 30 40 50 60 70 80

DISTANCE Z (cm)

Figure 2. Measured Magnitude and Phase of Surface Density of Outside A x i a l
Current on Tubular Cyflnder w i th  Open End , Flat and Hemispherical End Caps.

E — P o la r iz at ion.

7



.4 
-__________________________

0,

~~ — 
/

I I i i I i i i I I i t 1 i i
o 6 12 18 24 30 36

DISTANCE Z (cm)

Figu re 3a. Measured Amplitude of Ax ia l  Surface Density of
Outside Current on Tubular Cylinder , E-Polarizat ion (Large

Ou tdoor Ground Screen)

DISTANCE Z (cm)

Fi gure 3b. Calcu lated Amplitude of Axial  Surface Current
Density on a Finite Circular Cy linder

8



O (deg)
0 30 60 90 120 150 180

2 -  I I I F

z 3 4  f) (deg)
80 100 ,Ui

kh=3 1r /2

1 -  /v~~~~N\ ~
°:

~~26.~~ MHZ 1.5

18 ~~ / . / - 1.0 ~

DISTANCE Z (cm)

Figure 4a. Measured Amplitude of Surface Density of Transverse Current on
Tubular Cylinder , E- Polar izatj o n;  Normal Incidence

(Large Outdoor Ground Screen)
2

0\ - 
- 2 .

/ 30 \ 0 ~‘ (deg)

/ 
_ _  

1.5

9 (deg j ~~~~~~~~~~~~~~~~~~~~~~~ %20 : I 
~~~~~~~~~~~~~~~~~~~~~~~~~~ 

36~DISTANCE Z (cm)

Figure 4b. Calculated Amplitude of Transverse Surface Current Density on
a Finite Circular Cylinder

9



kz (RADIANS)
o 0.5 n i O n

T I I I i r i u I I I I

180 — _~~~~ = (dog) —

~~~ 6 O -  -

3 0-  -

120
-30 — 

140 
-.

—
--

---.. 

—

-60 — 180 —
—90 I I I I I i I

0 6 12 18 24 30 36

DISTANCE Z (cm)

Figure 5a. Measured Phase of Ax ia l  Surface Density of Outside Current on
Tubular Cylinder. Normalization : %bs (Large Outdoor Ground Screen)

I I i i U I I I I I I I I I I I

_______________________ 
(1 (deg)

180 —

=

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

DISTANCE Z (cm)

Figure 5b. Calculated Phase rf Axia l  Surface Current Density on a Finite
Circular Cylinder

10



is to show that there is only a m i n i m a l measured e f f e c t  of
capping the tube , thus j u s t i f ying our comparison of the capped

tube calculations to the uncapped measuremen ts. It should be
noted that our comparisons with the data were for h = 36 cm
while  the  da ta  in Fi gure 2 correspond to h = 84 cm.

Now it is necessaiy for us to d iscuss the frequency at
which we made the comparison between our calcu1a~ ions and the

exper imenta l  data . The no rma l i zed  v a l u e  kh = 1. 5 ii de term ines

the frequency. ~Fi rst  we note w i t h o u t  s ca l ing  h to m i s s i l e  or
aircraf t size d imension that the comparison was made well
beyond the primary resonance of the cylinder. Next we mention

that if h is taken to be in the 10 to 20 m range , the f r e q u e n c y
scales to the 20 to 10 MH z r an ge. The m a i n  c la im of t h i s
paper deals with low f r e q u e n c y  behavior clearly below the

frequency at which we made our comparison. In this regard,
we claim that our MF I E approach  can only perform better
as the f requency  is decreased . W i t h o u t  too much e labora t ion,

the basic reason is t h a t  two types  of z o n i n g  r e q u i re m e n t s  had to
be s a t i s f i e d  to ob t a in  the agreement  p resented  at  kh = 1.5 n .

One requirement is frequency independent and depends only on
the geometry of the s t r u c ture w h i l e  the other  is the  usua l

frequency dependent requirement that no dimension of a zone
should be greater than a tenth of a wavelength. The agreement

at kh = 1.5 it insures that we have adequately de termined the

geometry requirement on the zoning and the frequency require-

ment becomes less restrictive as the frequency is decreased.

11



SECT I ON 4

LOW FREQUENCY F I N I T E  C IR CULAR CYLINDER DATA

In Figure 6 we present the values of the axial component

of current density X
~~
(kh, z, 13) obtained by running our code

for  the r e l a t i v e l y  low f r e q u e n c i e s  corresponding to kh ranging

f rom 0 . 0 2 5  to 0 . 5 .  The real f r equenc ie s  for  these values of kh

can readi ly  be computed f rom t h e  approx imate  f o r m u l a

f “~ 4 . 8 ( k h/ d ) MH Z

where d is the value of h expressed in tens of meters .  The

reason for  express ing f in th i s  form is tha t  d w i l l  typ ica l ly

range between 1 and 2 since h w i l l  range  between 10 and 20 m

for  typical  a i r c r a f t  and mi s s i l e  dimensions . The skin  depth

corresponding to th is  range of f requenc ies  can read i ly  be

found in graphical  form fo r  d i f f e r e n t  meta ls  by r e f e r r i n g  to Ref-

erence 4. In addition to the skin depth being small for the band of

frequencies corresponding to the data presented in Figure 6,

nonpianar shielding studies as discussed in Reference 1 show

that the frequency for which real metal can be considered
perfectly conducting is even lower than wha t is indicated
by having the skin depth being small compared to wall

thickness. In summary , real metal used for aeronautical

systems behaves as though it were perfectly conducting for
the data presented in Figure 6.

The previous discussion regarding whether real metal

can be considered perfectly conducting at these frequencies

was presented in order to make the applicability of magneto-

statics more palatable since it assumes a perfectly conducting

boundary condition. Displayed in Figure 6 is an appropriate

magnetostatic solution , the derivation of which appears in

a later section of this paper . It is important to note that

the magnetostatic solution describes either the dominant

behavior or a significant part of the behavior for all the

data displayed .

12
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SECTION 5
CONSE Q7JEN CES OF LOW FREQUENCY F IN ITE C IRCULAR CYLIND ER DATA

Onc!~ of the consequences is r e a di ly  d iscussed  by no t ing  the
column c,f data headed by K (old ) . These ent ries are values
of the current density calculated by first integrating our

current density with respect to ~~~, corresponding to integration

with respect to circumferential arc length , in order to obtain

a bulk cUrrent. Next we divide this bulk current by the cir-

cumference of the cylinder and denote the result as K
7 

(old)

The reason for  o b t a i n i n g  t h i s  q u a n t i t y  is tha t it  corresponds
to a common approach for obtaining this quantity. Specifically,

it is often bulk current that is directly calcu lated and then
current densities are assumed to be simply derivable by

dividing the bulk current by a local circumference. It is

assumed that  th is method of ob ta in ing the cu r r ent  density

becomes an increasingly be tter  approx ima t ion as the wavelength

increases relative to cross-section dimensions . By comparing

(old) to the actual values contained in the table , we see
that it becomes an increasing ly worse approx imat ion as the

wavelength is increased , i.e., kh decr eases for a fixed h/a
ratio. The fact that the approximation gets worse as the

stated conditions for its validity become increasingly better

satisfied indicates a fund amental error in interpreting the

physics of the situation. Before completing this aspect of

our presentation, we would like to clarify the fact that we

are not claiming that the bulk current for fat cylinders has

been incorrectly calcula ted . In fact , we obt ain excellent
agreement with the results presented in Reference 5 by inte-

grating our current density. The claim is that a perfect

knowledge of the bulk current , no matter how it is determined ,

cannot be used to obtain current density by dividing this

quantity by the circumference.

14



The consequences of this i’rroneous assumption is that

considerable effort has been devoted toward obtaining bulk

current both computationally and experimentally when it is
actually current density that is required . Until recently,

the en ti re  inten t of a i r c r a f t  stick models has been to obta in

bulk cur rent and then in f er curre nt density by dividing by
the c i r c u m f e r ence. Rega rd ing cer t ai n miss i le  models , we were
involv.ed in calculating the bulk current induced on the
various stages of Minuteman in flight . We then employed the

assump t ion that we have demonstrated to be erroneous and
div ided  the b u l k  cur ren t by the loca l cir cum f e rence in the

attempt to obLain the current density at various points of

entry.

Returning to airc raf t stick models , a recent mod if i c a t i on

has been to add a maqnetosta tic solution to the current density
calculated in the old manner [6). This  has been shown to

improve the calculation in that the results are in better
agreement with laboratory measurements after the addition .

The full implications of this modified approach deserve to

be investigated and along these lines several issues are

brought to mind by our experience. One issue is the deter-

mination of the conditions under which the total current
density separates into the two separately calculable parts
and another is how does one simply obtain a magnetostatic
solution for a complex aircraft model.
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SECT I ON 6

POSSIBLE EX PLANATION 01 ORIGIN OF ERRON EOUS
BULK CURR ENT ASSUMPTI ON

In this sec tion we will show how the physical interpre-
tation of a nonphysical situation is a possible cause for the

commonly employed erroneous as sumpt ions .  We w i l l  s tar t  wi th

the standard solution for the current density induced on an
infinitely long perfectly conducting cylinder ; however , our
interpretation of this equation is not the standard

interpretation . For the geometry depicted below

~~~~~~ inc e

)

for

E. = e oX ~—inc

the current density induced on the cylinder K
~ 

is given by

(nZ
0/ 2 ) K

~~
(u ,

~
3) = ~_l (~~~~ 

~~~~~~~~~~~~ 

n6 ) F(x ,0)

where cx = k a = it — , and a = 1, a = 2 n > 1.
0 0 n —

We now decompose F( u ,0) into a part that is independent
of 0 and a remaining part that does depend on 0. That is

F ( c x ,0) = F
~ fld

( c x )  + R ( c x ,0)

where F i d (u) =

16
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We now note that F .d (
~~
) approaches infinity as ‘i. approaches

zero while R (t ,~~) is bounded for all i~ . The limit corresponding
to cx becoming increasingly small is the limit used to justify

the approximation that the current density is u n i fo r m l y  distri-
buted around the circumf erence of the cy l inder , i.e., indepen-
dent of I~ The following inequality based on the described

behavior  of f’ ind ( t )  a nd R ( U , I)) is taken as the mathematical

stat emen t of the uniformity assumption

Find (~
() > >  R(cx ,0)

as a approaches zero. Our point is that this is a misleading

and physically meaningless inequali ty when inter preted for
cylinders of finite length. As a general rule it is dangerous

to infer phys ical information concerning the relative largeness
of a quantity going to infinity without investigating the
reason for this quantity approaching infinity. In the situa-

tion presented here , by star ting w ith the i n f i n i t e  cy l inder
solut ion it was never possible  to de termine  the  e f f e c t  of

relating the wavelength to the length of the cylinder . To

provide a final argument to show that the relative largeness

of F
~~~~

( a )  should not be used to i n f e r  f i n i t e  leng th cy l inde r

behavior, we note that the bulk current induced on the infinite
cylinder is

2r
1 (A ) = a K

~~
(a ,O) dO = (2a/IT Z0

) Fjnd (CL )

0

From t h i s  equat ion we see tha t  the f a c t  that  F ind ( a )  approaches

infinity for small a causes 1(u) to approach infinity for small

cz,while at the same time it is well known that I(ct ) for a

cylinder of finite length approaches zero as cx approaches

zero.
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SECTION 7

LOW FREQUENCY F I N I T E  ELLIPTIC  CYLINDER DATA

Figure 7 contains the values of the axial component of
the induced current dens ity K

~~
(kh , h/l2, ~

) obta ined by running
our code for  the rela tively low f requencies corresponding to
kh ranging from 0.02 to 0.2. The real frequencies for these

values of kh can be readily determined as described in Section 4,

and the discussion concerning the applicability of perfectly

conducting boundary conditions for real metal at these

frequencies as presented in that section is also relevant

for the data described in this section. Aqain , it is important

to note that the magnetostatic solution describes either the

dominant behavior or a s ignif icant part of the behavior for all
the data displayed .

The derivation of the magnetostatic solution is explained

in the next section, and the low frequency error factor is the

ratio of the magnetostatic solution at ~ = 0 fo r  a ~ b divided
by the evaluation for a = b. The significance of this low

frequency error factor is also discussed in the next section.
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S I”C’l I ON 8

AP P R O P R I A T E MAGNE TOSTATIC SO LUTIONS

In this section we will present a solution for the

magnetostatic current density induced on an ellipsoid . By

appropriately choosing the  pa ramet ers de sc r i b ing  the e l l ipsoid,

we w i l l  ob ta in  the  m a g n e t o s t a t i c  so lu t i ons  used to in t e rp re t

the f in i t e  c i r c u l a r  cy l inder  and f i n i t e  e l l i p t i c  cy l inder

r e s u l t s .  The parameter s of the e l l ipsoid, the orientation of
the external magnetic field , and our coordinate system are

disp layed in Figure  8. We choose not to presen t the  deta i l s

of our der iva tion , as they w i l l  he presented shor t ly  in a

forthcom ing AFWL technical report (7), and instead only present

our results. The current density at points in the z = 0

plane only has a z-component which is

K (~~,z=0 ) = 2 H b  cos ~ (2  - a
0

) 1(a2 sin 2 ~ + b2 cos 2 ~) l/2 ~

where x = a cos ~
y = b sin ~

= 2a (a + b) 1 (l -

= b(a - b)~~~ (l - (b/c )2)
_
~~~

2 (E (y,~~) - (1 - (b/c) 2)~~~
2)

and E( y ,E ) is an elliptic integral of the second kind requiring
the further definitions

2 2 1/2E(y,B) = (1 — 
~ sin i )

0

where ~2 = (1 - (a/c ) 2)/ (l - (b/c )2)

= arccos (b/c )

When a = b, then K (j, z0 ) reduces to the spheriod solution

g iven in Reference 1. In Reference 1, it was in effect stated
that a quantity equivalent to our def inition of 6 was evaluated

as 0.0203 for a/c b/c = 0.1. This ratio of 0.1 was chosen
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to correspond to the length to d iamete r ratio of the circular
cylinder for which we presented our data in Figure 6. The

value of 6 for a/c = 0.15 and b/c = 0.03 corresponding to the
finite elliptic cylinder data presented in Figure 7 was also
inves t igated . Due to the fact that we had limited tables of

elliptic integrals and the fac t that our intent is only to
j u s t i f y the approximation 6 = 0 , we are content to say it is
less than 0.01.

Finally we mention that 6 does approac h zero as c
approaches infinity. The formula for 6 = 0 is

K (q,z=0) = (a + b) 1-1~ cos i (a2 sin2 ~ + b2 cos 2 (~) 1/2 ~

( 1)

and this solution is valid whether or not a and b are equal.

For completeness , we exhi bit the case where a = b , or

K(),z=0) = 211~ C05 I~ ( 2 )

As shown in Figures  6 an d 7 , Equations 1 and 2 with the nor-

m a l i z a t i on H = 1 descr ibe the dom inan t behav ior of the cu r ren t
0

density induced in the vicinity of the center of a finite
e l l i p t i c  and c i r c u l a r  c y l i n d e r  f o r  a band of f r equenc ies.

Having established this , a significant point to be made
by th i s  paper is re la ted to the f a c t  tha t  Equat ions  1 and 2

are not identical. The reason we make this statement is that

if long wavelengths justified the gross modeling of physical
f e a t u r e s  of s t ruc tu res, then  one would not expect a s i g n i f i c a n t

difference of the current induced on a cylind er having an

elliptic cross—section if the cross—section were modeled as

a circle. A quick way to obtain a quantification of the

error is to compare the value of the current density at ~ € = 0.

The resulting current density for a perfect measurement or

calculation on a circular cylinder is 2 while if the real

2 2



cylinder had an elli ptic cross-section the value should be

1 + a/b. Relating this result to the modeling of the wing
of an aircraft where we might choose a/b = 8, then we see

that there is an error factor of 9/2 , where old long wavelength 
-

arguments would lead one to believe there should be no error

at all. The full implications of this result go far beyond

simple finite cylinders. New emphasis in deciding the amount

of detail required for the modeling of physical features of
metallic enclosures is warranted .

Finally , as a secondary issue and because of the fact
that we have Equations 1 and 2 ava i lable for intrepretation,

we are in a posi t ion to c l a r i f y  a misconception regarding the

magnetostatic solution for complex structures. It is that

~~~ 
(i~i x H1

) happens to equal the magnetostatic solution
Equation 2 ; however , it is not a universal formula as can be
seen from the fact that it does not equal Equation 1.
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SECTiON 9

QUALITATIVE LOW FR EQUE NCY C U R R E N T  DE NSI TY DI STRIBUTION
ON A COMPLEX A IRCRAFT MODEL

In describing this low frequency distribution we refer to

Figure 9. The total extent to which we want to describe this

distribution is contained in the two equations

t ~<(~~
) = . I~.(r ’ ) (3)

= . K(r ’ )  ( 4 )

The derivation of these equations will appear in a forthcoming

AFWL technical report (7). In order to explain these equations ,it
is necessary for us to still define s, t, s’ , and t ’  a f t e r
noting that K(r) and K (r’) repres ent the surface current density
evaluated at symmetric points with respect to the xy-plane.

The vectors s and s ’ as well  as t and t ’  are vectors tangent
to the surface at the symmetric points r and r ’ . In order for

the relations (3) and (4) to be valid , these tangent vectors

must have a more restrictive definition than the usual one

which is that (s, t, n) form an orthonormal set on the surface

where n is the outward normal. In addition to this requirement ,

we will describe how s is def ined so that t will then be deter-

mined by using the stated definitions of n and the orthonor-

mality to give t = n x s. To describe s we imagine the body

cut by planes parallel to the yz-plane and define s as the

tangent vector to the curve formed by the intersection of these

planar cuts with the body. In Figure 9 we display the curves
and s vectors associated with two cuts through the body . In

this figure we show several t vectors that are convenient to

display as well as quant ities t
2 

and which are the xz

projections of t and s.
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Now that the meaning of N) and (4) has been explained ,

we would like to briefly describe the utility these equations

can have in addition to their providing some qualitative insight
concerning the induced current density distribution . We first

note tha t ( 3 ) alone is su f f i c i e nt to iden t if y the error
associated with current density calculations obtained by
dividing a bulk current by a local circumference . This

equation also provides enough information to draw the

conclusion that t . K(r) = 0 along the curve formed by the

intersection of the xy-plane with the body .

Before concluding this section , we will present a brief

outline concerning the derivation of (3) and (4). This

derivation is a generalization of the derivation presented in

Section 2 of Reference i. i t  is possible to de r ive  an
integral equation for a quantity that when set equal to zero

implies (3) and (4). It is argued that this quantity should

be set equal to zero in the low frequency limit because the
source term for the integral equation vanishes in this limit

and the integral equation has a unique inverse. Finally , it

can be shown that (3) and (4) are compatible with a magneto-

static solution for the aircraft model immersed in a static

magnetic field oriented in the y direction.
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SEC’l’l iN 10

RECOF-INENDAT1ONS

It has been demonstr ated that for an ex tended band of low
frequencies , the induced current density on several objects

behaves predominantly like a maynetostatic solution. We
conclude that the magnetostatic response of an objec t should

be considered in determin ing low frequency modeling requi rements
fo r  an e x t e r n a l  co u p l i n g  a n a l y s i s  or m e a s u r e m e n t  p rogram . An
apprec ia tion concerning the signi f ica nce of magnetos tatics on
determining modeling requirements can be obtained by noting the

exact analogy between maqoetostatics and irrotational and incom-

pressible f luid flow around a rigid body. For a rig id perfec tly
conduc ting body , the veloc i ty  f low lines and the magnet ic field
lines in the vicinity of the body are identical.. If certain

features of aircraft or missiles wouLd have a significant effect

on f l ui d  f low , t hen  they  wou ld  have  a s i g n i f i c an t  e f f e c t  on the
current induced by an EMI’. One should become concerned  with
modeling such fe a t u r e s  as m i s s i l e  t i p s  and f i n s  as well as air-
craft features such as engines , wing cross sections , and ex tended
junctions , pa r t i c u lar l y  when the  p o in t  of e n t r y  is in the
proximi ty of these features.

Finally , it should  be emphasized that maqnetostatic con-

siderations shou ld only be par t of a s tudy to de term ine modeling

requirements. The primary si gnit ic ince of magnetostatic related

requirements is t h a t  t f l I y ar e  iua~- t i  1nor L ~ seve re  than what has

previou sly been thouqht justifiable as a result of considering

long w a v e l e n g t h  f a r  zone s(~~t t t e rin g  rU su l t s .

In addition to the recommendations concerning modeling

requirements , we would like to make th e following recommendations:

• A thorough study should be inttiut ed to determine

the extent to which error and confidence requirements 
-
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for external coupling analysis should be diminished
due to other uncertainties as well as excess hardening
capabilities .

• In the interest of validation , the resul t s  of other
measuremen t programs or analyses should be compared
to the Harvard group ’s data and our MFIE code ’s

- calculations .
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